In order to improve our understanding of HSE geochemistry, we evaluate the effect of Fe on the solubility of Pd in silicate melts. To date, experimentally determined Pd solubilities in silicate melt are only available for Fe-free anorthite-diopside eutectic compositions. Here we report experiments to study the solubility of Pd in a natural picritic melt as a function of pO 2 at 1300°C in a one atm furnace. Palladium concentrations in the run products were determined by laser-ablation-ICP-MS. Palladium increases from 1.07 ± 0.26 ppm at FMQ-2, to 306 ± 19 ppm at FMQ+6.6. At a relative pO 2 of FMQ the slope in log Pd concentration vs. log pO 2 space increases considerably, and Pd concentrations are elevated over those established for AnDi melt compositions. In the same pO 2 range, ferric iron significantly increases relative to ferrous iron. Furthermore, at constant pO 2 (FMQ+0.5) Pd concentrations significantly increase with increasing X FeO-total in the melt. Therefore, we consider ferric Fe to promote the formation of Pd 2+ enhancing the solubility of Pd in the picrite melt significantly. The presence of FeO in the silicate melt has proven to be an important melt compositional parameter, and should be included and systematically investigated in future experimental studies, since most natural compositions have substantial FeO contents.
INTRODUCTION
The highly siderophile elements (HSE -Pt, Pd, Rh, Os, Ir, Ru, Re and Au) are among the rarest and most valuable elements found on Earth. Not only are they useful in tracing processes such as core-mantle differentiation (e.g. Kimura et al., 1974; Chou, 1978; O'Neill, 1991; Righter et al., 2008) and possible core-mantle interaction (e.g. Brandon et al., 1999; Brandon and Walker, 2005; Puchtel et al., 2005) ; they are also key to understanding processes within the Earth's mantle, including partial silicate melting (e.g. Barnes et al., 1985; Philipp et al., 2001; Pearson et al., 2004) , melt segregation (Bockrath et al., 2004) , and mantle metasomatism (e.g. Becker et al., 2001; Alard et al., 2005; Lorand et al., 2008; Luguet et al., 2008) .
The primary reservoir for the HSE is the Earth's mantle. Estimates of total HSE in primitive upper mantle (PUM) range from 23 to 32 ppb (e.g. Palme and O'Neill, 2003; Becker et al., 2006) . The transport of the HSE from the mantle to the crust is via primitive silicate mantle melts, either as oxide and sulfide species dissolved in silicate melt (e.g. Borisov and Palme, 2000) or as HSE-bearing sulfide melt droplets in suspension in a silicate melt (Bockrath et al., 2004; Ballhaus et al., 2006; Fonseca et al., 2009) . In order to discriminate between these transport modes, it is essential to evaluate how and to what extent the HSE are dissolved in silicate melt.
Previous experimental studies (Capobianco et al., 1993; Borisov et al., 1994 Borisov et al., , 2004 Borisov and Palme, 1995 O'Neill et al., 1995; Capobianco and Hervig, 1996; Ertel et al., 1999 Ertel et al., , 2001 Ertel et al., , 2008 Fortenfant et al., 2003 Fortenfant et al., , 2006 Cottrell and Walker, 2006; Righter et al., 2008; Yokoyama et al., 2009) 
and may be calculated if the equilibrium constant K and the activity-composition relations for both metal and oxide species in solution are known. Assuming that HSE dissolution in silicate melt is ideal, the activity coefficient c silicate MO x=2 is unity. For constant melt compositions the valence state of the HSE cationic species can then be derived from the slope (m) of the concentration profile in log-concentration vs. log pO 2 space, where the valence is given by
Solubilities of the HSE in silicate melts at one atm have mostly been determined in synthetic anorthite-diopside (AnDi) eutectic melt compositions (e.g. Borisov et al., 1994; O'Neill et al., 1995) . However, many authors regard this system to be too simplistic (e.g. Hillgren et al., 1996; O'Neill and Eggins, 2002; Rose-Weston et al., 2009 ) and melt composition (i.e. CaO, MgO, FeO or S concentrations, degree of polymerization) has been shown to be an important factor for the solubility of trace elements in silicate melts at sulfide-undersaturated conditions. This raises the question if, and to which extent, melt components such as FeO and S 2À also influence HSE solubility. Borisov and Palme (2000) considered the effect of Fe in the metal phase on HSE solubility in silicate melts by applying the activity-composition relations for Fe-HSE alloy systems to calculate the concentrations expected in natural Fe-bearing magmas. These authors stated that metallic Fe alloying with Pd will lower Pd concentration in AnDi melts, however, they downplayed possible interactions of ferrous and ferric iron species with Pd oxide species within the silicate melt. Very little experiments are available to judge if dissolved S 2À affects the solubility of HSE; however, O'Neill et al. (1995) argued that the effect must be small because the S 2À anionic ligand is about 200 times less abundant in a basaltic silicate melt than the O 2À ligand. In this contribution, we investigate the effect of FeO and FeO 1.5 on Pd solubility in silicate melt. We report experiments with FeO-bearing picritic melt in Pd wire-loops over a range in relative pO 2 from FMQ-2 to FMQ+6.6 (FMQ = fayalite-magnetite-quartz buffer, as calibrated by O'Neill, 1987) . All Pd concentrations in silicate were measured by Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS). Owing to its spatial resolution LA-ICP-MS allows the distinction between HSE in solution (cf. Eq. (1)) and HSE present as micro-nuggets, unlike Instrumental Neutron Activation Analysis (INAA) which is a bulk analytical technique (cf. Ertel et al., 2006; Ertel et al., 2008) . We show that iron-oxide species play a major role in controlling the solubility of Pd in silicate melt. Not only does Fe dilute the activity of Pd in the Pd-Fe alloy phase as predicted by Borisov and Palme (2000) , FeO and FeO 1.5 species in the silicate melt undergo redox exchange reactions with dissolved PdO x/2 species, tending to raise Pd solubility in silicate relative to iron oxide-free silicate melts.
EXPERIMENTAL PROCEDURES
Solubility experiments were carried out in a one atm vertical muffle tube furnace equipped for gas mixing. The starting silicate melt composition is a natural picritic basalt with $12 wt.% MgO, henceforth picrite, from the Solomon Islands (SE1 - Schuth et al., 2004; Rohrbach et al., 2005) . We employed the wire-loop technique where the picrite powder is placed in a Pd wire-loop, suspended in the hot zone of the furnace, and equilibrated at 1300°C with a CO-CO 2 (±O 2 ) gas atmosphere (cf. Fig. 1) . After a run time of 48 h, experiments were quenched in air by quickly drawing the Pd loop to the water-cooled top of the furnace which is at $100°C. Selected experiments were reversed by equilibrating initially Pd-free picrite and picrite doped with PdO in the thousands of ppm concentration range, simultaneously in the same atmosphere. Temperature (1300 ± 2°C) was controlled by a Type B thermocouple (Pt 94 Rh 6 -Pt 70 Rh 30 ) and calibrated against the melting points of Au and Cu.
Oxygen partial pressure was imposed by CO-CO 2 (±O 2 ) gas mixtures (Chase, 1998) . Thermodynamically calculated O 2 partial pressures were checked with a CaO-Y 2 O 3 -stabilized ZrO 2 solid electrolyte cell and were found to be accurate to within 0.2 log-bars of the calculated pO 2 values. Above a relative pO 2 of FMQ+1, however, precision deteriorates because the amount of CO added to the gas becomes too small to be controlled precisely with our gas flow meters. This problem is circumvented by adding O 2 to the reactant gas. Because O 2 reacts with CO to form CO 2 , this technique allows CO flow rates well inside the cal- ibration range of the CO flow meter, without actually increasing pCO in the gas mix. With this technique, we can comfortably access pO 2 regions at 1300°C as high as FMQ+5 (cf. Fig. 2) . A drawback is that pO 2 can no longer be calculated thermodynamically because if the variable to be calculated is added as a component, the system is overdetermined. However, as pO 2 can be measured independently with a solid electrolyte cell, this is not an issue.
ANALYTICAL PROCEDURES
Experimental run products (wire loop and the silicate glass) were analyzed for their major element compositions with a JEOL JXA 8900 electron microprobe analyzer (EMPA) in wavelength dispersive mode (WDS) with an accelerating voltage of 15 kV and a beam current of 15 nA. Standards used were natural silicates and oxides for glass analysis, and pure Pd and Fe for the analysis of the metals. Glasses were analyzed with the beam defocused to 10 lm and metals with a focused beam. Counting times were 10 s on peak and 5 s on background, except for Na and K, which were measured with 5 and 2.5 s, respectively in order to avoid alkali migration. Matrix corrections were done with the ZAF correction method. To check for homogeneity we analyzed up to 15 points randomly distributed on each glass and metal. No inhomogeneities were detected. Average compositions are compiled in Table 1 .
Palladium concentrations for the silicate glass charges were determined at the Inco Innovation Centre, Memorial University (MUN, New Foundland) using a GeoLas Pro laser ablation system coupled with a Finnigan Element XR inductively coupled plasmamass spectrometer. The GeoLas system consists of a Lambda Physik COMPexPro 110 ArF excimer laser operating at a wavelength of 193 nm and a pulse width of 20 ns, a beam delivery and ablation cell apparatus, a camera for sample viewing and dedicated software for controlling ablation parameters. Polished samples were placed in an air tight chamber and ablated in helium gas, which increases analyte sensitivities by enhancing sample transport from the ablation cell during deep ultraviolet ablation. Analyses were made on a 40-micron spot with a laser fluence of 5 J/cm 2 and repetition rate of 10 Hz. Data were collected in time-resolved mode with 30 s measurement of the pure gas background, followed by 60 s of measurement during laser ablation. Count rates were measured using one point per peak for each of the following isotopes: Pd; but were found to be negligible in all cases.
Raw data were reduced using the macro-based spreadsheet program LAMTRACE (written by S.E. Jackson; cf. Van Achterbergh et al., 2001) for gas background subtraction, ablation interval selection and concentration calculation. In rare cases where the timeresolved data showed spikes in Pd signal, presumably due to the presence of metal nano-nuggets in the silicate glass, ablation intervals showing no spikes were selected for concentration calculations. A detailed description is given by Ertel et al. (2006) . By carefully choosing the integration limits avoiding nano-nugget influenced portions of the spectra, and due to the good spatial resolution of the method, we were able to determine real Pd solubilities.
Concentrations for Pd were calculated for each of the three measured isotopes ( Pd) by external calibration against an in-house synthetic silicate glass standard (synthesized by Holzheid et al., 2000) with a matrix composition of 50.1% SiO 2 , 14.24% Al 2 O 3 , 9.66% MgO, 24.75% CaO and containing 131 ppm Pd (as calibrated by solution-ICPMS). The calibration standard was run in duplicate before and after a series of 7-16 of the unknowns. Each glass charge was analyzed on 3-5 spots. Reported values for each spot are averages of the results for the three Pd isotopes. NIST 612 reference material was run as an unknown throughout the experiments and the measured values for Pd (1.04 ± 0.12 ppm) compared favorably to the preferred value (1.09 ± 0.09 ppm, Sylvester and Eggins, 1997) .
To check that Pd metal and silicate glass were homogeneous, hence verify that equilibrium was reached, up to 15 points were randomly distributed across each polished glass shard, and line profiles were run across Pd metal wires. No major compositional inhomogeneities were detected, neither in the silicate nor in the PdFe metal alloys. Forward and reverse experiments were also found to be identical in major element composition and Pd concentration, so it is assumed that redox equilibrium was generally achieved.
RESULTS
The silicate melt quenched to glasses with a light green color at low pO 2 and brownish colors above FMQ+2 (Fig. 1) . Some runs at low pO 2 crystallized minor olivine, as confirmed by EPMA, usually found attached to the Pd-wire loop Nuggets were not found to be a problem because analysis by LA-ICP-MS, however, provides means of discriminating between Pd dissolved in silicate and Pd in metallic nuggets (e.g. Ertel et al., 2008; Médard et al., 2010) . imposed by the addition of increasing amounts of O 2 to a CO-CO 2 gas mixture. Flow rates of CO and CO 2 held constant at 15 and 400 sccm (standard cubic centimeters per minute), respectively. Oxygen partial pressures were measured in situ with an Y-stabilized Zirconia cell and are given relative to FMQ (O'Neill, 1987) . Errors are smaller than symbol size. Note that the measured pO 2 does not match the pO 2 calculated according to the NIST-JANAF tables, for reasons not evaluated yet. 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.002 ± 0.000 0.001 ± 0.000 0.002 ± 0.000 0.005 ± 0.000 Pd measured (ppm) 0.97 ± 0.22 1.33 ± 0.31 1.43 ± 0.14 2.05 ± 0.19 2.37 ± 0.19 1.55 ± 0.08 1.23 ± 0.14 1.02 ± 0.14 6.21 ± 0.52 2.53 ± 0.25 6.39 ± 0.31 13.2 ± 1.5 Pd corrected (ppm) c 1.15 ± 0.26 1.47 ± 0.34 1.67 ± 0.16 2.27 ± 0.21 2.59 ± 0.22 1.74 ± 0.10 1.45 ± 0.17 1.14 ± 0.16 6.66 ± 0.57 2.83 ± 0.28 6.85 ± 0.34 13.7 ± 1.6
Metal-silicate melt equilibria with iron

Metal:
wt. % n 19 18 10 8 6 10 11 14 13 10 11 14 Fe 6.58 ± 0.67 4.24 ± 0.59 5.95 ± 0.36 4.28 ± 0.42 3.80 ± 1.06 4.67 ± 0.54 6.36 ± 0.46 4.59 ± 0.37 3.11 ± 0.23 4.65 ± 0.48 3.11 ± 0.22 1.90 ± 0.21 Pd 93.0 ± 0.9 96.0 ± 1.3 93.5 ± 1.0 95.9 ± 1.0 95.8 ± 1.1 95.1 ± 1.0 93.6 ± 1.6 95.5 ± 1.0 96.8 ± 1.3 95.1 ± 0.7 97.3 ± 0.7 98.3 ± 0.9 Total 99.6 ± 0.8 100.2 ± 1.0 99.5 ± 1.1 100.2 ± 0.9 99.6 ± 0.8 99.8 ± 1.1 100.0 ± 1.6 100.1 ± 1.0 99.9 ± 1.2 99.8 ± 0.9 100.4 ± 0.7 100.2 ± 0.9 a 12.7 ± 0.3 12.6 ± 0.3 12.4 ± 0.2 11.7 ± 0.2 11.2 ± 0.2 9.6 ± 0.2 9.0 ± 0.2 10.2 ± 0.2 CaO 12.1 ± 0.4 12.9 ± 0.3 13.0 ± 0.2 11.5 ± 0.5 11.7 ± 0.2 11.8 ± 0.2 12.4 ± 0.1 11.6 ± 0.1 11.2 ± 0.2 9.6 ± 0.1 9.0 ± 0.1 10.3 ± 0.1 Na 2 O 2.00 ± 0.18 1.72 ± 0.17 1.70 ± 0.14 1.95 ± 0.14 2.06 ± 0.28 2.05 ± 0.09 1.88 ± 0.13 1.62 ± 0.13 1.6 ± 0.2 0.86 ± 0.11 0.54 ± 0.09 1.12 ± 0. b Calculated according to the formalism given by Kilinc et al. (1983) . c Measured Pd concentrations corrected to unit Pd activity in the metal phase. d Calculated from the activity-composition relations given by Tomiska (1989 (Fig. 3) . The fraction of ferrous iron (FeO) in the silicate melt is calculated using the formalism given by Kilinc et al. (1983) , however, in order to illustrate as to how much iron-oxide may be present as ferric iron (FeO 1.5 
Metal-silicate melt equilibria with palladium
Palladium concentrations in the glass analyzed by LA-ICP-MS are shown in Fig. 4A . For comparison we also show the Pd solubilities in AnDi eutectic melt (Borisov et al., 1994; Fig. 4B) . As predicted by Eq. (1) and demonstrated by Borisov et al. (1994) , Pd concentrations increase with increasing relative pO 2 , in the picrite from 1.07 ± 0.26 ppm (FMQ-2) to 306 ± 19 ppm (FMQ+6.6). All concentrations reported here are corrected to unit activity of Pd in the metal phase. Activity coefficients for Pd in the metal phase were calculated by fitting the molar excess Gibbs energies (DG excess ) obtained at 1292°C by Tomiska (1989) to the formalism of asymmetric solid solution (Thompson, 1967 )
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AnDi composition 1350°C Borisov et al. (1994 (6)). Note the change in slope at the same relative pO 2 as in Fig. 3 (see Eq. (7) and text). Error bars are 2r, however, most errors are smaller than symbol size. Multiple data points at constant pO 2 represent reversed and/or duplicated experiments (cf. Table 1 ). (B) Palladium solubilities in iron-free AnDi melt at 1350°C as reported by Borisov et al. (1994) are shown for comparison (reported 1r uncertainties are 10% below 10 ppm Pd, and 5% above 10 ppm Pd). 
Between FMQ-2 and FMQ (Fig. 4A) , Pd concentrations define a slope in log-concentration -log pO 2 space of $0.22 ± 0.03 (2r) which according to theory (i.e. Eq. (3)) would be consistent with Pd being present predominantly as a monovalent cation (i.e., Pd 1+ or formal Pd 2 O species). Borisov et al. (1994) , in contrast, found in that low pO 2 segment a shallower slope of only 0.17 ± 0.01. These authors hypothesized that below FMQ, neutral species (Pd°) may become important in conjunction with Pd 1+ . Interestingly, in that pO 2 range the concentrations measured by Borisov et al. (1994) are also higher than ours by a factor of two. We suspect, therefore, that the alleged neutral (Pd°) species is an artifact, i.e. a Pd component present as metallic nanonuggets or even clusters (Tredoux et al., 1995) that is indistinguishable from Pd n+ in solution if charges are analyzed by INAA.
Above FMQ, the slope of the solubility profile steepens to $0.56 ± 0.10 (Fig. 4A) Borisov and Palme (2000) . Consequently, above FMQ+0.5, our Pd concentrations in picritic melt are well above those reported by Borisov et al. (1994) in AnDi melts.
With further oxidation up to FMQ+6.6, Pd concentrations increase further but not at the same rate as in the lower pO 2 segment between FMQ and FMQ+2 (Fig 4) . The same is observed with respect to iron partitioning between metal and silicate (Fig. 3) . We are hesitant, however, to derive an oxidation state of the dominant Pd cationic species in solution based on that slope (i.e., 0.26 ± 0.04) because this would imply a reduction back to Pd 1+ even though relative pO 2 increases. Rather, we suspect that at high pO 2 the assumption of ideal behaviour of Pd in silicate melt, implicit in Eq. (1), may no longer be valid, and that we see the activity of Pd n+ increasing at a rate faster than Pd n+ solubility. Mysen et al. (1982) showed that Fe 3+ tends to polymerize silicate melts, and Hillgren et al. (1996) demonstrated experimentally that solubilities of transition metals tend to decrease when silicate melts polymerize. Hence, for the highly oxidized segment in Fig. 4 we refrain from estimating an oxidation state of Pd n+ in the silicate melt, but instead attribute the change in slope to changing activity-composition relations imposed by polymerization.
To verify if Eq. (7) is valid, several more experiments were performed at constant temperature and pO 2 (1300°C and FMQ+0.5) with variable FeO. The silicate matrix again was the picritic basalt, this time doped with extra FeO from 3 to 25 wt.%. In the corresponding X FeO-total range from 0.03 to 0.17, iron-oxide has little measurable effect on Pd (Fig. 5A) , but above X FeO-total = 0.17 we note an increase by a factor of two. This could be taken to corroborate our notion expressed by Eq. (7) that Pd n+ solubility is influenced by electron exchange with FeO and FeO 1.5 . Unfortunately though, the addition of FeO also lowers the polymerization degree of the silicate melt here expressed as NBO/T (i.e. non-bridging oxygens per tetrahedron; Mysen et al., 1982) from 0.7 to 1.3 (Fig. 5B) . Therefore some Mysen et al., 1982) . The corresponding Pd concentration in AnDi (1300°C and FMQ+0.5) was calculated according to the equation describing Pd solubility given by Borisov et al. (1994) . 2r errors in calculated NBO/T are smaller than symbol sizes.
uncertainty remains as to the relative importance of the pO 2 or NBO/T contributions to Pd solubility. The crucial observation might be that Pd in FeO-free AnDi melt (NBO/ T = 0.9) recalculated to 1300°C, is lower by a factor of $1.5 than in the corresponding picrite composition with X FeO-total = 0.1, suggesting that the FeO factor on Pd solubility may prevail over NBO/T.
DISCUSSION AND CONCLUSIONS
The results of this study suggest that FeO und FeO 1.5 in silicate melts strongly influence Pd oxidation state and solubility, beyond the effect of Fe in the metal phase. In absolute terms the Pd differences between our data and the AnDi solubilities are small. However, there is a lot more detail in the picrite solubility profiles than in the AnDi solubilities, also thanks to LA-ICP-MS as tool for spatiallyresolved analysis.
From the Pd solubility profile in picritic melt (cf. Fig  4A) three distinct pO 2 regions can be identified:
Under moderately reduced conditions up to $FMQ, addition of FeO seems to suppress Pd solubility ( Fig. 4A and B) . Presumably this is an artifact: we suggest that the presence of FeO (plus its equilibrium activity of FeO 1.5 ) in silicate suppresses the formation of metallic Pd nano-nuggets, implying that the Pd concentrations in AnDi at low pO 2 (cf. Fig. 4B ) are no real solubilities but caused by metallic Pd nano-nuggets. If indeed neutral HSE species existed in reduced silicate melts (Borisov et al., 1994; Cottrell and Walker, 2006) , which is a minority view, then the presence of FeO (plus some FeO 1.5 ) would tend to destabilize these species relative to Pd cations (e.g. Brenan et al., 2003; Fortenfant et al., 2006; Ertel et al., 2006; Ertel et al., 2008; Yokoyama et al., 2009; Médard et al., 2010) . In the intermediate pO 2 from FMQ to FMQ+2 where most natural basalts come to lie, our solubilities in FeO-bearing melt are higher than in AnDi. In this pO 2 segment, we also note a marked increase in the slope of 2 log X silicate FeO =X metal Fe À Á vs. pO 2 (Fig. 3) . A mechanism proposed is that in this pO 2 range redox exchange equilibria such as Eq. (7) take effect. In FeO 1.5 bearing silicate melts, such electron exchange equilibria stabilize a higher oxidation state of the Pd cationic species in the silicate melt relative to iron-free AnDi, because the FeO 1.5 species is far more abundant than any Pd oxide species. The net effect of FeO-FeO 1.5 addition in this pO 2 range is to increase Pd solubility (cf. Eq. (1)). In the high pO 2 region above FMQ+2, Pd solubilities are lower compared to the expected Pd as extrapolated from the intermediate pO 2 region. Our favored explanation is that high FeO 1.5 activities in this pO 2 range increasingly polymerize the silicate melt, introducing marked deviations from ideal solubility and causing Pd n+ activities to increase with increasing pO 2 at a rate faster than Pd n+ concentrations.
All these effects underline how important it is to supplement experiments in simple chemical systems with experimentation in compositionally more complex systems, for in AnDi alone none of these effects would have been evident.
The addition of FeO contributes toward an improved understanding in Pd solubility mechanisms in silicate melt. One should stress though that our Pd solubility data do not allow fundamentally new petrologic insights that could not have been gained as well with the AnDi dataset. No matter if we take the AnDi or the picrite Pd solubilities as our reference: all primitive melts derived from the Earth's mantle are Pd-undersaturated. Basalts in the relative pO 2 range from FMQ-1 (MORB) to FMQ+2 (IAB) typical have Pd contents around 20 ppb (e.g. Peach et al., 1990; Woodhead et al., 2002; Bezos et al., 2005) . The solubility of Pd in equilibrium with metallic Pd or (Pd, Fe) alloy in that pO 2 range is around two orders of magnitude higher. It does not come as a surprise that neither basalts nor samples from Earth's mantle were ever reported to contain Pd-rich metallic alloys. The high solubility of Pd n+ in basaltic melt does not permit the crystallization of such phases from a melt, nor does it allow their survival during partial silicate melting in the mantle.
